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Tanzania is home to the third highest population of stunted children in Sub-Saharan Africa, with about 2.7 million children under the age of five failing to reach their full potential of growth attainment compared with the reference population as per the World Health Organization standards. Several studies have shown that stunted growth during childhood entraps the future of children in a vicious circle of recurrent diseases, reduced human development, and lower earnings, thus increasing their likelihood of being poor when they grow up. To reduce stunting, the Government of Tanzania and development partners are introducing a convergence of multisectoral interventions adapted to local needs. However, the existing stunting data are representative only at higher administrative levels, thus making it difficult to implement these efforts. The paper uses the 2016 geo-referenced Demographic and Health Survey in conjunction with relevant spatially gridded covariate data, such as nighttime lights, water and sanitation access, vegetation index, travel time, and so on. Geospatial techniques, such as model-based statistics and Bayesian inference implemented using the INLA algorithm, along with appropriate model validation exercises are employed to develop high-resolution maps of stunting in Tanzania at 1×1-kilometer spatial resolution. The maps show that areas of consistently high stunting rates tend to be more common in rural parts of the country, especially throughout the western and southwestern border areas. There is high prevalence of low stunting in the urban areas around Dar es Salaam, Arusha, and Dodoma, as well as in the south of Lake Victoria. This paper is a product of the Water Global Practice. It is part of a larger effort by the World Bank to provide open access to its research and make a contribution to development policy discussions around the world. Policy Research Working Papers are also posted on the Web at http://www.worldbank.org/research. The authors may be contacted at goseph@worldbank.org. Tanzania 4 However, the current average annual rate of reduction in stunting of 2.3% falls short of the 4% required if this goal is to be met. 5 Recent World Bank estimates suggest that the per capita income penalty incurred among contemporary workforces as a result of failure to eliminate stunting in their childhood amounts, on average across all countries, to around 7% of gross domestic product (GDP) per capita. In Sub-Saharan Africa and South Asia, these figures rise to around 9% to 10%. 6 Several studies have shown that stunted growth during childhood entraps the future of children in a vicious circle of recurrent diseases, reduced human development 7, 8, 9 and lower earnings. 10, 11 This, in turn, can increase the likelihood of being poor and even lead to the transmission of poverty to the next generation. 12, 13 Like many low-income countries, stunting is widespread in Tanzania. An estimated 2.7 million children in Tanzania are stunted, making the country home to the third highest population of stunted children in Sub-Saharan Africa, after Ethiopia and the Democratic Republic of Congo. Although multisectoral efforts to reduce stunting rates have yielded some progress (with prevalence among children under 5
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declining from an estimated 42% in 2010 14 to 34% in 2016 15 ), there is a renewed call to accelerate this progress and further reduce stunting nationwide through a host of nutrition-specific and nutritionsensitive interventions, particularly focusing on the first 1,000 days of life. 16, 17 These multisectoral interventions-spanning the health, education, social protection, water supply, and sanitation sectors-are intended to converge at the local level for maximum effectiveness. 18 As part of these efforts, there is an increasing recognition of the need to understand the geographic heterogeneity of stunting across the country at a granular level. This granularity supports strategies that are optimally targeted to populations in greatest need and tailored to local conditions, thereby promoting the efficiency and impact of program efforts. The use of georeferenced survey data with geospatial models to generate interpolated surfaces is perhaps most established in the field of infectious diseases. 22, 23, 24, 25, 26 In recent years, these methods have also been developed and applied to a broader set of social, demographic, and health contexts.
This includes the use of both DHS and World Bank Living Standards Measurement Survey data, among
other sources, to create high-resolution poverty maps for a range of Sub-Saharan African countries. 27, 28, 29, 30 Most recently, the method has been applied to mapping water and sanitation indicators in Nigeria based on the 2015 Nigeria Water and Sanitation Survey. 31 This study describes the use of such an approach to generate a new high-resolution map of stunting prevalence in Tanzania.
Methods

Data
Data on stunting were obtained from the Tanzania DHS 2015-16. 15 This consisted of a two-stage cluster randomized survey design and a final sample of 9,846 children under the age of five for whom anthropometric and age data were obtained and stunting rates for those children computed.
Geospatial covariates (spatial gridded data for which values are known at all 1×1km pixels across Tanzania) were also included in the model, as they may partially explain the observed spatial variation in stunting rates and thus allow more accurate predictions at locations without DHS survey data. An initial set was identified based on previous performance in predicting poverty, water and sanitation indicators and other related metrics in Sub-Saharan African countries. 32, 33 These included satellite- 
Model-based Geostatistics framework
The predictive approach used in this study to generate a fine-scale map of stunting prevalence across
Tanzania was based on a body of statistical theory known as model-based geostatistics (MBG) 36, 37 .
MBG models are a class of generalized linear mixed model, with an approximation of a multivariate Normal random field (i.e., a Gaussian process) used as a spatially autocorrelated random effect term.
The proportion of children who were recorded as being stunted ,   The mean component was modeled as a linear function of the n geospatial covariates described above, ,where was a vector consisting of a constant and the covariates indexed by spatial location , and was a corresponding vector of regression coefficients. Each covariate was converted to z-scores before analysis. Covariance between spatial locations was modeled using a Matern covariance function: While 1×1km resolution maps provide the most fine-grained picture of variation in stunting across the country, it is also useful to summarize these patterns at higher levels of aggregation corresponding to administrative unit levels at which program planning, implementation and decision making are carried out. Aggregated stunting prevalence and the count of stunted children was therefore calculated at regional (1 st sub-national administrative level) and district (2 nd ) levels, using an underlying gridded population surface to provide pixel-level population denominator values. 40 The predictive performance of the model was assessed via out-of-sample validation. A four-fold holdout procedure was implemented whereby 25% of the data points were randomly withdrawn from the data set, the model run in full using the remaining 75% of data, and the predicted values at the locations of the hold-out data compared to their observed values. This was repeated four times without replacement such that every data point was held out once across the four validation runs.
Standard validation statistics were computed as measures of model precision (mean absolute error) and bias (mean error). Figure 1 shows a scatterplot plotting values predicted in the out-of-sample validation exercise (x-axis) against the corresponding observed values that were held out (y-axis). Points close to the 1:1 line were therefore predicted more accurately than those further away. The plot reveals no systematic tendency for over or under prediction at any level of observed prevalence. The validation statistics (Table 1) further indicate a relatively well performing model, with reasonable correspondence between predicted and observed values (correlation 63%), precision (mean absolute error 11%) and accuracy (mean square error 2%). The latter two metrics are expressed in the same units as the predictionsi.e. prevalence on a scale of 0-100%. Figure 2 shows the predicted map of stunting prevalence in children under five years old, constructed using the mean of the predicted posterior distribution within each 1×1km grid cell. Many areas of the country are within the yellow part of the color scale, which is similar to the national mean stunting prevalence reported in the DHS survey of 34% [DHS, 2016] . Areas of notably lower stunting prevalence (shown in the greener shades) include the predominately urban areas around Dar es Salaam, Arusha and Dodoma, as well as a broader region to the south of Lake Victoria centered around the city of Tabora. Areas of consistently high stunting rates (red shades) tended to be more common in the more rural parts of the country, especially throughout the western and southwestern border areas. Figure 2 ) tended to also have smaller uncertainty, represented by the blue shades in Figure 3 , while areas of higher stunting tended to be more uncertain, shown in the purple and pink shades in Figure 3 . Even in these regions, however, the 95% credible interval tended to be no wider than 10%, meaning the model could predict stunting prevalence with 95% probability to within a range of 10 percentage points. 
Results
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Aggregated estimates of stunting
